In the present study, a green process for cuprous chloride synthesis from waste printed circuit boards (PCBs) was developed. High value-added cuprous chloride (98.7% purity) was obtained by treating metallic particles of waste PCBs with solution of cupric sulfate and sodium chloride. Typical noble metal (Pd) was dissolved by forming a stable chloride complex during the synthesis process as Cu 2+ played the role of oxidant or concentrated in the residue. Under the optimum condition (V NaCl /m CuSO4 ratio = 6, [Cu]/[Cu 2+ ] mole ratio = 1.05, treatment time = 30 min, operation temperature = 60 ℃), yield of cuprous chloride was 74.0% and approximately 98.5% of the copper could be recovered. It is believed that the process proposed is effective and practical for Cu recovery from waste PCBs.
Introduction
Waste PCBs contain lots of valuable resources [1, 2] together with plenty of hazardous materials [3, 4] , which are considered both an attractive secondary resource and an environmental contaminant [5] . Therefore, recycling of the Waste PCBs is an important subject not only from the treatment for waste but also from the recovery of valuable materials [6, 7] . Copper and precious metals make up more than 95% of the value for waste PCBs [6, 8] . Hence, recovery of those metals is the inherent motivity in waste PCBs disposal.
In the past two decades, the most active research area on recovery of metals from electronic scraps is recovering metals by hydrometallurgical techniques [1, 6, [9] [10] [11] [12] . Separation of base metal and precious metal using environment-friendly, low corrosive leach reagents, such as NH 3 /NH 5 CO 3 for Cu [13] , NH 3· H 2 O/KI for Pd, Pt [14] , Thiourea and (NH 4 ) 2 S 2 O 3 /CuSO 4 /NH 4 OH for Ag, Au [15] [16] [17] , is widely investigated. However, the forgoing processes are either time-consuming or economically infeasible, and furthermore, leaching solution needs to be further treated by electrolytic winning or other method to recover metallic copper. It should be noted that, new approaches for the recovery of waste PCBs has been developed in recent years, the aim of which are not to obtain high purity metallic copper from waste PCBs, but to produce Cu containing products, such as cupric sulfate [18] , Cu 2 O nanoparticles [19] , ultrafine copper particles [5] . But the obtained products usually contain many impurities and strongly corrosive acids of large quantity are employed.
Cuprous chloride is widely used in the manufacture of electrooptic modulators and optical filters, solid-state batteries, adsorbent and air purifying agents [20] . Especially, cuprous chloride is an important catalyst in organic synthesis industry and rubber industry. Its undemanding reaction conditions meet the current interest in developing more efficient and environmentally friendly methods for chemical synthesis, and thus it has attracted great attention over the years [21] .
The present study was to develop a green process for copper recovery from waste PCBs. High value-added cuprous chloride was obtained from solutions of cupric sulfate and sodium chloride using MPs as reducing agent. Different characters of the obtained cuprous chloride were investigated. It is believed that the process proposed is effective and practical for Cu recovery from waste PCBs.
Separation of metallic components from waste PCBs and sample preparation
Waste PCBs used in this work were supplied by XIAMEN OASIS Sources CO., LTD. After the components (relays, capacitors, etc.) were disassembled, the PCBs were first cut into 10 cm × 2 cm pieces and then pretreated by thermal shock process followed the methods of Li et al. [22] with minor modifications. Thermal shock process changed the physical property of the board. The appearance and layer spacing of the basal plane changed clearly when the temperature reached 270 ℃, and the bulging, cracking, and delaminating of the board apparent was observed. Therefore, the crushing efficiency was improved.
As shown in Fig. 1 , PCBs began to pyrolyze at >295 ℃ ( Fig. 1 ) and the decomposition of PCBs did not take place under the conditions of the current study (270 ℃). The average percentage of weight loss was 0.79%, which was mainly attributed to the dehydration reaction of PCBs. Besides, the vapor was trapped in a glass at low temperature and then passed through a bottle with alkaline solution to absorb off gas. Hence, the environmental impact was negligible during the thermal shock process.
A centrifugal air sepereator was used to obtain the metallic components after crushed in a hammer crusher. Then, the metallic components were sent to comminute in a cutting mill until the fraction reached particle size smaller than 0.25 mm. The obtained metallic particles (MPs) were preserved for further experiment. Then, the mixture was carefully filtrated into deionized water by a suction filter after 30 min. The cuprous chloride settled readily in the filtering flask and the supernatant liquid was faintly green. Then, the precipitate was quickly washed onto a suction filter with 0.5% -1% HCl solution. The cuprous chloride was then washed with absolute alcohol and dried in an oven (60 ℃) for 20 to 25 minutes. The whole process was shown in Fig. 2 . The obtained cuprous chloride sample was weighted and preserved in an airtight bottle for further analysis.
Fig. 2. Flowchart of metal separation and CuCl synthesis process
In the synthesis process of cuprous chloride, the reaction can be expressed by the following Eqs. (1) and (2) [23]:
(1)
The total reaction could be written as:
(3)
XRD pattern of the obtained CuCl. The crystalline phases of the prepared cuprous chloride were characterized by X-ray diffraction spectroscopy (XRD, Philips PW1700) using Cu Kα radiation (γ = 1.5418 Å) with 30 kV voltage and 30 mA current. The XRD pattern of the obtained product is shown in Fig. 3 , which displays only three obvious diffraction peaks that can be indexed to the (111), (220) and (311) crystal planes of cubic phase CuCl. The lattice constant calculated from its XRD data is 5.414 Å, which is also consistent with that of cubic phase CuCl reported in the JCPDS card No. 6-344. Characterization of prepared cuprous chloride. The cuprous chloride prepared by this method is a white crystalline powder (Fig. 4 ) that remains practically unchanged for an indefinite period if kept dry. Table 1 . Distribution of Cu during the CuCl synthesis process. As it is shown in Fig. 2 , Cu in filtrate II was transferred into next synthesis circle. Therefore, total Cu recovery could be expressed as the sum of Cu in filtrate II and in cuprous chloride. Table 2 shows the distribution of Cu during the CuCl synthesis process. 74.0% of the copper was converted to cuprous chloride. 24.5% was transferred into filtrate II, which was recovered in the next synthesis circle. Hence, approximately 98.5% of copper could be recovered. 
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Summary
Cuprous chloride was successfully synthesized from waste PCBs in cupric sulfate and sodium chloride solution. The process was much more effective compared to other approaches though neither corrosive acid nor strong oxidant was used. High quality of cuprous chloride with a purity of 98.7 % was obtained without further purification in the process and approximately 98.5% of Cu could be recovered in two synthesis circles. Besides, Pd was concentrated in the residue or dissolved in Filtrate II.
